Chromatin structure of ribosomal RNA (rRNA) T-35 and D-2946T-35 and D- (Gecheff, 1994T-35 and D- , 2003) most probably were not accompanied with significant changes in DNase I susceptibility of the rRNA genes.
Introduction
Plants and animals typically have hundreds of rRnA genes arranged in tandem repeat units consisting of 18S, 5.8S and 26S coding region separated by an intergenic spacer (iGS). iGS includes the gene promoter and upstream element that determines the transcription of these genes by RnA polymerase i. large numbers of the rDnA repeats are not active. Recently, studies of methylation and Dnase i digestion patterns of activated and repressed noRs as well as histone acetylation revealed that inactive rRnA genes were silenced as a consequence of chromatin modifications (re-modeling) (for review see 19) . concerning nuclease digestion, Dnase i hypersensitivity assay has been a useful tool for mapping specific genome sites where chromatin conformation allows DnA to be preferentially cleaved by exogenously applied enzyme (9) . Dnase i hypersensitive sites are frequently observed at cisregulatory regions, including promoters, enhancers and locus control regions in eukaryotic chromatin thus correlating with increased transcriptional activity (4, 14) .
Activity of nucleolus organizing regions can be modified by interspecific hybridization or by chromosomal rearrangements (reviewed by 10, 18, 21) . the changes in chromatin organization are of great importance for the control of rRNA gene repression in inter-specific hybrids (12, 16, 24) . one could expect that the same epigenetic mechanisms may also be involved in differential expression of the noRs in cytologically reconstructed barley karyotypes. three different types of chromosomal reconstructions were included in this analysis. In line T-30 a reciprocal translocation caused repositioning of the two noRs in the opposite arms of reconstructed chromosome 6h 5h , thus giving rise to nearly complete reduction of the expression of the translocated noR (22) . it was shown that this suppression is not accompanied by alterations of rDNA methylation pattern in T-30 and other barley translocated lines (17) . Line T-35 shows an enhanced activity of noR 5h as a result of deletion of the whole noR 6H (6), while karyotype D-2946 is genetically stable segment tetraploid where a duplication of medial region of the short arm of chromosome 6h resulted in increased expression of noR 5h (7) . the main objective of this work was to study the role of chromatin structure in regulating transcription of ribosomal RnA genes in barley lines with modulated activity of nucleolus organizers caused by three different types of chromosomal rearrangements. Since the regulatory elements directing transcription of rRnA genes are located mainly in iGS we focused our attention on mapping of Dnase i hypersensitive sites within it.
Materials and Methods

Plant material and growth conditions
Homozygous structural mutants produced by γ-irradiation of dry seeds from standard variety Freya were used throughout. Control line T-1586 contains reciprocal translocation including the short arm of chromosome 3h and the long arm of chromosome 4h (5 for obtaining a set of translocation lines after further γ-irradiation of dry seeds. In line T-30 a reciprocal translocation between chromosomes 6h and 5h resulted in a transfer of whole NOR 5H to the long non-satellite arm of chromosome 6H (17) . Line T-35 contains a deletion involving the whole noR of chromosome 6h (6) . Barley karyotype D2946 is genetically stable segment tetraploid concerning duplication of a medial region of the short arm of chromosome 6h which leads to an increased expression of the noR 5h as indicated by silver staining (7) and southern hybridization (Dimitrova, unpublished data). Dry seeds from the investigated lines were soaked for 1 h in tap water and germinated for 5 days at 25 o c in the dark. Shoots were used as a plant material throughout the experiments.
DNase I assay nuclei were isolated as described earlier (3) . the pelleted nuclei were resuspended in equivalent volume of Dnase i assay buffer (about 500 µl) containing 10mM Tris-HCl, pH 7.5, 10mM nacl, 3mM Mgcl 2 , 0.250M sucrose, 0.1mM dithiothreitol and 0.1mM PMSF. Aliquots of 100 µl of nuclear suspension from each variant were added to 400 µl Dnase i assay buffer and were treated with 0.2, 1 and 2 u.ml -1 pancreatic Dnase i (Boehringer) at 0 o c for 10 min the control variant with the same components of the reaction mixture was incubated accordingly except that exogenous Dnase i was omitted (so called "sham" digest). Dnase i digestion of isolated nuclei was stopped by the addition of 20mM EDTA, pH 8. Nucleaserelease DnA fragments were electrophoretically fractionated on 10% polyacrylamide gel, containing 7M urea, as described by Maniatis et al (15) .
DNa isolation
DNA was isolated by the addition of 125 μl 2% SDS and 80mM EDTA/NaOH, pH 8, 125 μl 4M NaCl and 12.5 μl proteinase K (10 mg.ml -1 ) to each aliquot resulting in final concentrations of 0.5% SDS, 20mM EDTA, 1M NaCl and 500 μg.ml -1 proteinase K. Deproteinization was carried out 2 h at 37 o c. the DnA was purified with phenol, phenol-chloroform and chloroform: isoamyl alcohol (24:1), precipitated with 3 vol. of ethanol and dissolved in te buffer.
southern hybridization
Purified DNA was digested to completion with restriction enzymes Eco RV (1 μg/ml with 5 units enzyme) according to supplier's instructions. the generated restriction fragments were electrophoretically separated, transferred to nylon membranes (hybond n + ) and hybridized with barley rDnA clone hv 014 containing 10 kb eco Ri long repeat unit and its subclone R3.2, containing 3.2 kb Eco RI-Bam HI fragment (11) 
Results and Discussion
DNase I sensitivity of barley chromatin there is a lot of evidence showing that active rRnA genes display increased susceptibility towards exogenously applied Dnase i (25) . Based on this observation it was reasonable to investigate the sensitivity of rDnA chromatin from the four barley lines to Dnase i treatment. the effect of the enzyme on rDnA chromatin was analyzed by Dnase i assay using nuclei from control line (T-1586), translocation line (T-30), duplication line (D-2946) and deletion line (T-35) incubated with increasing concentrations of Dnase i. it is important for Dnase i sensitivity studies to maintain the native structure of isolated chromatin, because the effect of the enzyme can be masked by eventual physical breaks in the course of nuclei isolation. thus, we assessed the general sensitivity of barley chromatin to exogenously applied Dnase i. For that purpose the products obtained after the Dnase i treatment of barley chromatin were separated on acrylamide gels with 7M urea, whereas the purified DNA fragments after nuclease treatment were fractionated on agarose gels. our results showed that the increase of enzyme concentrations led to the appearance of the characteristic nucleosomal ladder under denaturating conditions (Fig. 1a) and degradation of DnA to low molecular fragments with average length less than 2 kb (Fig. 1B) . therefore barley chromatin structure was not altered in the studied lines under the conditions employed. the nuclease sensitivity of barley chromatin is similar to Dnase i degradation pattern observed in other plants (8, 23) . DNase I digestion pattern of barley rDNa chromatin the sensitivity of rDnA chromatin to exogenously applied Dnase i in control and the three mutant lines was analyzed by following the nuclease degradation of specific DNA restriction fragments. DnA preparations in the nuclear Dnase i digests were further digested with eco RV restriction enzyme. After gel electrophoresis and blotting, the filters were hybridized with the 10 kb Eco RI-Eco RI DNA fragment (R10), containing the whole long rDnA repeat unit. Digestion with eco RV resulted in three distinct DnA fragments of 6.7 kb, 5.7 kb and 3.1 kb, respectively (Fig. 2a) . Fragments 6.7 kb and 5.7 kb contained 25S rRnA gene and most of iGSs from noR 6h and noR 5h, respectively, while fragment 3.1 kb originated from the coding regions of both noRs. these eco RV fragments were present in the "sham" variants from all studied barley lines as well as in Dnase i treated variants (Fig. 2a) , thus indicating that Dnase i digestion of rDnA chromatin was not complete as shown in wheat and Cucurbita pepo (1, 24) . exposure of nuclei to mild digestion with Dnase i resulted to equal decrease of each one of the bands.
the relative rate of degradation of rDnA chromatin was evaluated quantitatively. the intensity of the bands was measured by densitometry using totallab 1D 2003 software. the sum of the area under the peak of each band of undigested samples from all analyzed karyotypes was accepted as 100%. the percent reduction in the signals of Dnase i treated variants was determined in comparison with the respective controls. the values obtained are displayed graphically (Fig. 2B) . As seen on the histogram there were no significant differences in the degradation pattern between T-1586, Т-30 and Т-35 lines. Relatively higher resistance of rDnA chromatin to Dnase i treatment was observed only in line D-2946.
Mapping of DNase I hypersensitive sites in addition to the general Dnase i sensitivity in isolated nuclei, the sites of the nuclease cleavage in the rDnA repeat unit were precisely located using complete digestion of rDnA with eco RV followed by Southern hybridization with a specific rDNA probe (clone R3.2), which spanned the 3 / -end of 26S rRNA gene and part of the iGS (11) . Digestion of nuclei with low concentration of Dnase i (0.2 u.ml -1 ) resulted in the appearance of 5.5 and 4.5 kb DnA fragments. the 5.5 kb fragment was present in the control, translocation and duplication lines, but not in the deletion line. therefore, this DnA fragment was generated by a Dnase i hypersensitive site within iGS of rRnA genes from noR 6h. the 4.5 kb DnA fragment was found in all studied lines suggesting that it originated from the rRnA genes of noR 5h. these fragments could arise from a hypersensitive site situated "upstream" from the Bam hi site in iGS of noR 6h and noR 5h respectively (Fig. 3B) . When higher concentrations of Dnase i were applied (1 and 2 u.ml -1 ), other DnA fragments (4.0 kb, 2.7 kb and 1.7 kb) were also detected (Fig. 3B) . the 4.0 kb DnA fragment was common for rRnA genes of both noRs. the 2.7 kb fragment was present in lines Т-1586, Т-30 and D-2946, but not in the Т-35. therefore, this DnA fragment was generated by a Dnase i hypersensitive site within iGS of rRnA genes from noR 6h. concerning the generation of a 1.7 kb DnA fragment which was observed in all four lines, it was reasonably to assume that it was produced by the presence of a Dnase i hypersensitive site in iGS from noR 5h. Mapping of these fragments showed that they were produced by a Dnase i hypersensitive site located "downstream" from the eco RV site in the 5 / -end of 25S rRnA genes in both noRs (Fig. 3B) .
These results confirmed data obtained when rDNA fragment (R1.8) spanning the 3 / -end of IGS and part of the 18S rRnA gene from its 5 / -end (11) was used as a hybridization probe. Following hybridization with R1.8 Dnase i cleavage produced fragments which were mapped at the same positions in the iGS of both noRs (2). control experiments with Dnase i digestion of "naked" DnA, carried out under the same conditions used for nuclei except that Dnase i was added at lower concentrations, demonstrated that the observed Dnase i hypersensitive sites in IGS were not due to a specific DNA curvature along the rDNA chromatin (results not shown).
coincidence between Dnase i hypersensitive sites and DnA sequences in iGS with important regulatory functions was established investigating other plants and animals (13, 20) . For instance, Dnase i hypersensitive sites were detected in maize and wheat iGS close to gene promoter, in short repeats with enhancer function as well as in DnA repeated fragments supposed to function as spacer promoters (12, 24) . Further on, a close correlation between gene activity and Dnase i susceptibility of rRnA genes was found in wheat, the Dnase i hypersensitive sites within iGS being part of the active noRs (24) . Recent results showed that in excised cotyledons of C. pepo (zucchini) the Dnase i hypersensitive sites within iGS were also localized in the vicinity of the gene and spacer promoter as well as close to transcription termination site (1) .
Unfortunately, the precise localization of promoter and terminator regions of rDnA repeat units are still not known in barley. Since the same Dnase i cleavage sites were observed using different DnA hybridization probes (R1.8 and R3.2) it could be assumed that these sites were generated from the promoter and terminator sequences in noR 6h and noR 5h, respectively.
Conclusions
no appreciable differences were detected in Dnase i digestion pattern of rRnA genes in the control and the three tested mutant lines. our results indicated that repositioning of the noR in the translocation line was not accompanied with an altered susceptibility of rDnA chromatin to nuclease digestion. No alterations were also found in karyotype D-2946, which contains a duplication of the medial region from the satellite arm of chromosome 6h. the analysis of Dnase i sensitivity revealed that rDnA chromatin structure had a limited role in the regulation of rRNA gene expression in deletion line T-35 and the observed earlier compensatory effect in reducing rRnA genes from noR 6h is most probably due to the increased rate of transcript elongation, as it was shown in our previous work (2) . 
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